Optical characterization of ZnSe by photoluminescence by House, Jody L. (Jody Lee), 1970-
Optical Characterization of ZnSe by
P hotoluminescence
by
Jody L. House
Submitted to the Department of Electrical Engineering and
Computer Science
in partial fulfillment of the requirements for the degree of
Master of Science
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 1994
( Massachusetts Institute of Technology 1994. All rights reserved.
Author ....... I. .. . . . . . . .
Departmnt of Electrical Engineering and Computer Science
January 15, 1994
Certified by.. j'.. r.ertified by.. ~~,~ ... ...........................
2/ I] Leslie A. Kolodziejski
Associate Professor of Electrical Engineering
Thesis Supervisor
Accepted by........
R. Morganthaler
:aduate Students
I
Chairman,,
Optical Characterization of ZnSe by Photoluminescence
by
Jody L. House
Submitted to the Department of Electrical Engineering and Computer Science
on January 15, 1994, in partial fulfillment of the
requirements for the degree of
Master of Science
Abstract
Photoluminescence is used to optically characterize epitaxially-grown ZnSe. The ZnSe
has been grown by three different growth techniques; molecular beam epitaxy, met-
alorganic molecular beam epitaxy and gas source molecular beam epitaxy. Photolu-
minescence measurements have been made for each growth method for a wide range
of growth parameters. The effects of the growth parameters, as well as the consti-
tutive sources, on the optical properties of ZnSe are compared. The resulting trends
indicate that growth parameters such as the substrate temperature and the source
fluxes affect both the energies and the relative intensities of the PL features, inde-
pendent of the sources. However, due to the native impurities in the sources used in
the epitaxial growth of ZnSe, the sources dictate the properties of the corresponding
photoluminescence.
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Chapter 1
Introduction
Compound semiconductor research is partially directed to the advancement of opto-
electronics. Because many compound semiconductors have a direct energy bandgap,
it is possible to efficiently achieve light emission from these materials. This, along
with the small size of the devices, has led to the use of semiconductor lasers and light
emitting diodes in all aspects of electronics and communication systems.
One focus of current optoelectronic research is to achieve semiconductor lasers
which emit higher frequencies of light [1] - [4]. An approach to achieve high frequency
lasers is through the study of ZnSe, a II-VI compound semiconductor material. ZnSe
is a direct bandgap, 2.67 eV at room temperature, semiconductor material. The ZnSe
lattice constant of 5.6676 A is close to that of GaAs, and hence ZnSe can be grown
on and integrated with GaAs materials and devices. A laser fabricated with an active
region of ZnSe emits blue light, which is one of the highest visible frequencies. The
increase in frequency improves some aspects of the communications and the computer
industries. For example, implementation of blue lasers with data storage devices, such
as a CD ROM (an optical disk drive), allows for a four-fold increase in the density
of stored data. More information on the properties of ZnSe in comparison to both Si
and GaAs is given in Appendix A.
There are several stages in the development of semiconductor lasers: film growth,
characterization, device design, processing, testing and packaging. There are two
aspects to the characterization of semiconductor materials, optical and electrical.
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This thesis focuses on the optical characterization of epitaxially-grown ZnSe as a
function of the growth parameters.
The films are optically characterized using photoluminescence (PL). The measure-
ment is made by optically exciting the sample's surface and collecting the resultant
photonic emission, the PL signal. PL is an attractive technique because it is non-
destructive. The PL signal is characteristic of the material, showing any defects,
impurities or strain that may be present. As a result, every factor in the growth of
the material can be analyzed by its effect on the material's optical properties.
In an attempt to optimize the ZnSe film quality and growth rate, several growth
parameters have been varied. Different types of sources have been used for the con-
stituent species: metalorganic gases, elemental solids, and gaseous hydrides. The
introduction of either a p-type dopant, nitrogen, or a n-type dopant, chlorine, in the
ZnSe has also affected the optical properties. Along with these two major studies,
the parameter space which includes the substrate temperature and the behavior of
the constituent species at the surface has been probed. The effects on the optical
quality are examined through a comparison of the photoluminescence of ZnSe grown
using different conditions.
The second chapter describes in detail the epitaxial process by which the ZnSe
is grown, the growth facilities, and the theory behind the PL measurement. This is
followed by a description of the experimental procedure by which a PL measurement
and the calibration of the experimental system is made in chapter 3. Chapter 4
shows the PL data for samples grown under various growth conditions with different
sources, substrate temperatures and dopants. A discussion follows comparing the PL
as a function of these parameters. Finally, the fifth chapter gives a summary of the
data and a conclusion, including an outline of future work.
2
Chapter 2
Background
2.1 Molecular beam epitaxy
A method for compound semiconductor growth is molecular beam epitaxy (MBE).
MBE is a process by which beams of molecules or atoms are directed at a heated
surface in an ultra high vacuum (UHV) environment forming layers of the compound
semiconductor. In MBE, the molecular and atomic beams are formed by heating solid
elemental and compound sources.
Such a controlled growth environment has several advantages over other growth
techniques, such as metal organic chemical vapor deposition (MOCVD) and organo-
metallic vapor phase epitaxy (OMVPE). The combination of the ultra high vacuum
environment and the high purity sources minimizes unintentional contamination. Also
monolayer control of the film thickness, alloy composition and doping profiles is pos-
sible. Finally, epitaxial growth can be carried out at low growth temperatures which
facilitates stoichiometric growth and reduces interdiffusion, such as Ga from the GaAs
substrate diffusing into the ZnSe film at the heterointerface.
3
Table 2.1: Combinations of groups II and VI sources used in MOMBE growth.
2.1.1 Variations on MBE
Two other techniques have been employed in the growth of ZnSe films: metalor-
ganic molecular beam epitaxy (MOMBE) and gas source molecular beam epitaxy
(GSMBE). Both growth methods are variations on MBE, where the primary differ-
ences are the types of sources used for the constituent species. In both cases, the
introduction of new sources leads to a new set of growth parameters required for
stoichiometric growth of ZnSe.
Both MOMBE and GSMBE employ at least one gaseous source in the film growth
process; a metalorganic and a hydride, respectively. The use of a gas source has the
advantage of allowing precise control during growth of the species which has a high
vapor pressure in its elemental form, in order to improve the reproducibility of alloy
compositions. In MOMBE, several combinations of metalorganic sources and solid
sources have been studied [6]. These include diethylzinc (DEZn), diethylselenium
(DESe), dimethylzinc (DMZn), solid elemental zinc, and solid elemental selenium
(Table 2.1). The metalorganic sources are directed through high temperature cracking
cells in order to separate the ethyl or methyl radicals from the constituent elements.
One of the disadvantages of MOMBE growth of ZnSe is the apparent blockage of the
available surface sites by the ethyl radicals when diethyl-based sources are used. This
can affect both the growth rate and the film quality, by reducing the availability of
surface sites for the Zn and Se atoms [7, 8].
In GSMBE of ZnSe, a gaseous source, H2Se, and a solid elemental Zn source
are used [9]. The H2Se is similarly sent through a high temperature cracker before
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Group II Source Group VI Source
DEZn DESe
DEZn Se
Zn DESe
DMZn Se
DMZn DESe
arriving at the sample's surface. An advantage to GSMBE is that the growth rate
is limited by mass transport, whereas in some cases of MOMBE growth, the growth
rate is limited due to site blockage by the ethyl radicals. In GSMBE, p-type doping of
ZnSe has been accomplished using a nitrogen plasma source [9]. The ability to dope
ZnSe p-type is vital for the development of II-VI optoelectronic devices. Until the
advent of the nitrogen plasma source, limited success in the p-type doping of ZnSe
had been achieved. With this source, nitrogen concentrations as high as 5x1018cm- 3
have been attained [10]. Finally, using GSMBE, n-type doping of ZnSe has been
accomplished using a ZnCl2 solid source, where chlorine is the n-type dopant.
2.2 The Physical System
Figure 2-1 shows an overhead view of the chemical beam epitaxy system (CBE)
system. CBE employs hydride and metalorganic gas sources for both the Zn and the
Se. The CBE system consists of six interconnecting chambers; a transfer chamber,
two introduction chambers, a II-VI-dedicated reactor, a III-V-dedicated reactor, and
an analytical chamber. Centered in the UHV transfer chamber, a robotic arm allows
the samples to be maneuvered between each connecting chamber.
Two separate reactors are used for the growth of the III-V layers and the II-VI
layers; a Riber 32P GSMBE system for the growth of III-V compound semiconductors
such as GaAs, and a CBE system for the growth of ZnSe and related II-VI compounds.
The different families of compound semiconductors are grown in separate systems to
avoid cross-contamination during the respective film growth. Each growth chamber
maintains an ultra high vacuum (UHV) environment with a base pressure of less than
10-9 Torr. Both chambers utilize liquid nitrogen cooled shrouds or traps to minimize
the background pressure during growth. A crysoshroud is used in the III-V chamber
to thermally isolate the cells, while the II-VI chamber uses water cooling since the
cells operate at lower temperatures.
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Figure 2-1: An overhead view of the Chemical Beam Epitaxy system.
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2.2.1 The Chambers
The introduction chamber for the II-VI reactor consists of two separate vacuum cham-
bers. These two areas share a cryogenic pump allowing only one chamber to be
pumped at a time. The first contains a heater and a platform for desorbing the
residual acids and water from the surface of a clean sample block prior to mounting
a substrate (Appendix B). The second chamber acts as a load lock for the clean sub-
strate and sample block prior to the introduction into the transfer chamber which
is connected through a gate valve. From the introduction chamber, the carrier and
sample are transported into the transfer chamber using the robotic arm in the transfer
chamber. Inside the transfer chamber, a clean sample block with a mounted sample
can be baked at another bake station to desorb water.
The III-V chamber is accessed by the buffer chamber. The purpose of the buffer
chamber is to allow the II-VI sample blocks to be mated to the III-V sample blocks
in situ. However, the hardware necessary to perform this action is not available at
the present time. Instead, the III-V blocks are loaded directly through the buffer
chamber.
2.2.2 The Reactors
After a sample has been baked, it is ready for the ZnSe film growth and can be
moved to the reactor. In the II-VI chamber, the sample is suspended by a rotating
platform under the substrate heater in the center of the reactor. The substrate heater
can be raised and lowered to allow for sample transfers. The elemental sources and
the cracking cells are aimed at the substrate. Each source's flux can be interrupted
by mechanical shutters. The rate of impingement is estimated by using an ionization
gauge or a crystal oscillator prior to growth. The rate of impingement is also measured
by reflection high energy electron diffraction (RHEED) intensity oscillations during
growth [7]. The substrate temperature is calibrated with a pyrometric evaluation of
metal/semiconductor eutectics. The eutectics are thin films of metal deposited on
semiconductor substrates which undergo phase transitions at known temperatures.
7
The phase change in the metal can be detected as a change in the reflectivity. Two
different eutectics are currently implemented; Au/Ge, Al/Si, along with the melting
point of InSb. The Au/Ge eutectic is used in both II-VI and III-V film growths,
because of its low transition temperature, 356°C. The temperatures for the Al/Si
eutectic phase transition and the InSb melting point are 5770°C and 5260C respectively.
2.2.3 Reflection High Energy Electron Diffraction
The sample is loaded into the reactor and the growth parameters are set. Once the
correct growth parameters have been established, the initial surface is prepared by
either removing the native oxide or the amorphous capping layer which has been
deposited to protect the sample during an e situ transfer between the two reactors.
This is accomplished by heating the substrate. The shutters corresponding to the
desired sources are then opened in order to allow the fluxes to impinge on the sample's
surface. Once the substrate shutter is opened, the respective atoms and molecules are
deposited on to the substrate and find their appropriate lattice sites to form a new
layer. This layered growth is monitored by observing the Fourier transform of the
crystal structure on the reflection high energy electron diffraction (RHEED) screen,
a phosphorous-coated glass disc inside the reactor. The RHEED pattern is formed
by focusing a 10 keV electron beam at a shallow angle onto the substrate (< 20 from
the sample's surface) [11]. The electrons diffract from the substrate surface according
to the crystal structure and form a RHEED pattern.
The real time growth rate can be measured using RHEED intensity oscillations
[12]. As the molecules are deposited onto the surface there is a periodic nature to
the intensity of the RHEED pattern. The reflection is strongest at the beginning of
a monolayer and weakest at the half monolayer point, when the surface is roughest.
The changes in the surface smoothness during growth can be detected by measuring
the intensity of the specular beam with respect to time. The period of the RHEED
intensity oscillations corresponds to the time to deposit a monolayer, hence the overall
growth rate can be determined.
From the RHEED pattern, it is possible to determine whether the substrate has
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a good surface morphology. Also, if the growth is two dimensional, 2D, (layer by
layer) RHEED intensity oscillations can be detected. Whereas, if the growth is three
dimensional, 3D (islands), RHEED intensity oscillations cannot be detected [12].
Before ZnSe growth, the diffraction pattern of bulk GaAs emerges after the oxide
has been removed. At a substrate temperature of approximately 6000C the (2x4)
reconstruction appears, which indicates that 75% of the surface sites are covered
with As. For the initiation of ZnSe growth, the sources are usually set to achieve a
Zn-rich
surface. As the ZnSe nucleation begins, the RHEED pattern changes from a GaAs
(2x4) reconstruction to a Se-rich (2xl) reconstruction, and finally to a Zn-rich (2x2)
reconstruction. The (2x2) reconstruction is maintained throughout the ZnSe film
growth. At the completion of the ZnSe growth, the sources are lowered to their idle
temperatures and the substrate heater is lowered to room temperature. The ZnSe
film is now ready for analysis and characterization. The exact growth conditions
for each ZnSe film will be presented along with its photoluminescence in the Results
section, Chapter 4.
2.2.4 Laser-Assisted Growth
During the growth of the ZnSe films, a parallel effort to study the affects of laser-
assisted growth was made [7]. A low power laser beam (< 200 mW/cm 2) was directed
at the sample surface during the growth of the ZnSe epilayer. The effect of the laser
beam on the growth is a function of the sources used. For growth using DEZn and
DMZn sources, the laser beam creates photogenerated carriers which effect the species
adsorbed on the surface.
2.3 Theory of Photoluminescence
Photoluminescence measurements are based upon two physical principles; optical ab-
sorption and optical emission. The first case, optical absorption, takes into considera-
tion the depth at which the PL measurement is capable of probing. The second case,
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optical emission, yields information about the energy band structure and impurity
concentrations of the sample.
2.3.1 Absorption Coefficient in a Semiconductor
In order to determine the depth over which the PL measurement is probing into a
direct-gap semiconductor, the absorption coefficient, aabs, for a semiconductor at a
particular pump energy is required. The absorption coefficient determines the change
in the optical pump intensity inside the semiconductor as a function of distance (Eq.
2.1) [13];
I(z) = Ioe -abJZ 2.1
By definition, caabs is the power removed from the incident beam per unit volume per
unit incident flux of electromagnetic energy, and z is the depth into the sample. In
order to determine the absorption coefficient for a semiconductor, an understanding
of both the incident flux and the probability of transitions from the valence band to
the conduction band is required. From the Poynting vector, S, the incident flux can
be calculated (Eq. 2.2).
S = 8 Re(E* x H) 2.2
8ir
The field vectors, E and H can be related to the vector potential, A by equations 2.3
and 2.4 respectively.
E= A 2.3
pH = A x A 2.4
The vector potential is assumed to be a plane wave of the form:
A = Aoei(K-r-wt) 2.5
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Where the propagation constant for the light is denoted by the wave vector, K. Thus,
the Poynting vector can be reduced to:
S = w nw IAl2K 2.6
8ir c
where n is the real part of the complex index of refraction. The magnitude of the
Poynting vector is the denominator for the definition for the absorption coefficient.
The numerator for defining the absorption coefficient results from Fermi's Golden
Rule:
2ir
W = -xtIVC 2PVC(hW) 2.7
where W is the transition probability of electrons going from the conduction band
to the valence band per unit time per unit volume, pvc is the joint density of states
for the conduction and valence bands, and 7v,, is the matrix element coupling the
valence and conduction bands (Eq. 2.8).
~t~ = (vIA p) 2.8mc
Combining equations 2.6 and 2.8, and writing the joint density of states as;
Pvc(hw) = 2.9
27r2(2mzt)3/2V/w _E
where m, is the reduced mass for the valence and conduction bands, the frequency
dependence of the absorption coefficient is:
aabs OC - w - 2.10hw V 
where A is a constant dependent on the particular material system being studied and
Eg is the material's energy gap. Therefore, for a known optical energy, the decay of the
intensity as a function of the depth into the sample can be determined. The absorption
of light corresponding to the laser wavelength used in the ZnSe photoluminescence
experiments is shown in Figure 2-2. This approach does not take into consideration
11
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Figure 2-2: The absorption of photons corresponding to the wavelength of the laser
used in the PL experiment (3250 A) as a function of depth into the ZnSe.
the effects of generated photons on the rest of the sample. For example, a photon that
is generated in the ZnSe layer may reach the III-V buffer layer if it is not absorbed
back into the ZnSe layer. Because the energy associated with a photon emitted from
the ZnSe layer is generally larger than the energy gap of the III-V layer, a recursive
effect can result, where the luminescence from the ZnSe can cause luminescence from
the III-V layer. Since the emission from the III-V layer will have an energy less than
the band-gap energy of ZnSe, the photon will, ideally, reach the sample's surface and
be emitted.
2.3.2 Energy Bands in Semiconductors
In the previous section, a direct gap semiconductor was assumed. This is an important
characteristic of optical semiconductor materials. Direct gap semiconductors have a
maximum in the valence band and minimum in the conduction band at simultaneous
points in momentum space, or k-space (Figure 2-3). The minimum energy gap gen-
erally occurs at k=0, and will be the case henceforth. As a result, optical transitions
do not involve a translation in momentum space. Hence, any emission measured from
a direct gap semiconductor is directly related to the energy band structure at k=O.
12
conduction
k
hole
Figure 2-3: The energy band structure for a direct gap semiconductor such as ZnSe.
There are several energy bands in an ideal semiconductor which can be probed
with PL. In the valence band, there are three bands; the light hole (lh), the heavy
hole (hh), and the split-off bands. The lh and hh bands are degenerate at k=O,
and the split-off band is slightly lower in energy than the other two. The energy
separation between the valence band and the conduction band at k=O in a direct
gap semiconductor is the energy gap, Eg. For ZnSe, the room temperature band gap
energy is 2.67 eV. The valence band is full of electrons at equilibrium, and, across
the energy gap, the conduction band is devoid of electrons. When a semiconductor is
heated or externally pumped (optically or electronically), electrons are excited to the
conduction band. The electrons then decay back to a lower energy level in the valence
band. As the electrons fall in energy, conservation of energy dictates that the energy
loss must be found elsewhere in the system. Ideally, in a PL measurement, the energy
loss results in photon emission. In the PL measurements, the energy of the optical
excitation exceeds the bandgap energy. As a result, electrons can be pumped across
the band gap to the conduction band, or to higher levels within the conduction band.
Often, the higher energy levels are not detected with the PL measurement, because
the decay of the electrons from these higher states is complicated by intermediate
steps at the conduction band.
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2.3.3 Strain in Heterostructures
Heterostructures often have the added factor of strain resulting from lattice mismatch
between the different material systems. Strain in a material may be manifested as
biaxial tension or compression. The thickness of the epitaxial layer and the degree of
lattice mismatch determine how the strain affects the heterostructure. Relaxation of
the elastic strain results in the formation of interfacial dislocations. The interfacial
dislocations begin to form at a critical epitaxial layer thickness, hc, when it is ener-
getically favorable to form dislocations rather than elastically deforming the lattice.
For thin epilayers, the entire epilayer is strained to match the lattice constant of the
substrate.
The degeneracy in the lh and hh valence bands at k=O is split when the het-
erostructure is strained. For compressive strain, the heavy hole band has a higher
energy than the light hole energy band. Also, the resulting bandgap is larger than
the unstrained bandgap. The reverse is true for tensile strain. Strain in the epitaxial
layer is calculated from Eq. 2.11
(as- a)
= 2.11
a
where as and a are the lattice constants of the epilayer and the substrate, respectively
[14].
For a layer under compressive strain, the bandgap energy increases according to
equation 2.12.
+AEG(e) = 2aa(Cj - C12/C11)e - b(Cnl + 2C12/Cu1)e 2.12
Similarly, for a layer under tension, the decrease in bandgap energy is,
-AEG(e) = 2aG(C1l - C12/C11)e + b(C1l + 2C12/Cn1 )e 2.13
where C1 1, C1 2 are elastic constants, b is the valence band deformation potential, and
aG is the hydrostatic deformation potential.
14
Table 2.2: Constants for ZnSe and GaAs for determining the strain in the heterostruc-
ture.
Table 2.2 lists some of the constants which are used to determine the strain be-
tween GaAs and ZnSe [15] - [18]. For ZnSe grown on GaAs, there is a 0.25% lattice
mismatch at room temperature at the interface. As a result, a thin film of ZnSe is
compressively strained to match the GaAs lattice constant. The bandgap energy of
the ZnSe film increases by 6meV, as calculated using the constants in Table 2.2
[19]. For a thicker film, > 1500A, the ZnSe relaxes, creating interfacial dislocations,
which lowers the residual strain in the film.
Because the thermal expansion coefficients of the ZnSe and the GaAs are different,
a thermal strain manifested by biaxial tension occurs when the heterostructure is
cooled to 10 K for photoluminescence measurements. The tensile strain is around
0.04 % and hence, decreases the bandgap energy by - 2 meV [15]. A plot of the
change in the bandgap energy as a function of strain for a ZnSe layer grown on GaAs
is shown in Figure 2-4. For thick ZnSe films that are relaxed, the tensile strain
pushes the light hole energy band above the heavy hole energy band. As a result,
the PL features which involve the valence band will correspond to transitions from
conduction band or donor states to the light hole band. For thin films, (< 1500A),
the compressive strain pushes the heavy hole energy band above the light hole energy
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Constant GaAs ZnSe Ref
Lattice constant 5.6533 5.6676 [15, 16]
a, (A)
Elastic constant 12.1 0.826 [15, 17]
C11 (1( 6 kg/cm 2 )
Elastic constant 5.48 0.498 [15, 17]
C12 (10 6kg/cm 2
Valence band
deformation potential, b (eV) -1.7 -0.4 [15, 18]
Hydrostatic
deformation potential aG (eV) 2.7 -4.25 [15, 18]
Thermal expansion
coefficient ( ) 6.4x10-6 9.44x10-6 [15, 16]
E E E
(a.)
k
(b.) (c.)
Figure 2-4: The manifestation of strain in a direct gap semiconductor such as ZnSe;
(a) unstrained, (b) biaxial tension, (c) biaxial compression.
band. Hence, the dominant PL features will correspond to transitions involving the
heavy hole band.
2.4 Impurities, Excitons, Phonons
In an imperfect compound semiconductor material, impurities create additional en-
ergy states inside the band-gap. For an impurity which donates an electron to the
lattice, there is a donor energy band, at an energy ED with respect to the valence
band. Similarly, an electron-accepting impurity creates an acceptor energy band, at
an energy EA with respect to the valence band, (Figure 2-5(a)). The exact energies
corresponding to transitions from either impurity band is a function of the ionization
energy of the respective impurity.
An electron transition can occur from a donor band to the valence band, or from
the conduction band to an acceptor band (Figure 2-5(a)). The transition probability
for either occurrence can be found by assuming that the impurity energy levels tend
to be shallow, discrete, and nonoverlapping [20]. For the donor to valence band
transition, at k=0, the transition rate is:
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Figure 2-5: The energy band structure at k=O for (a) impurities and (b) free excitons.
q2 i2W PI12
. = 64V/2rn 2(E32nD 2.14
rPo C3 m2 (mED )3/2
where, IPvcl is the averaged interband-matrix element of the momentum operator,
ED is the impurity ionization energy, nD is the density of electrons in the donor
band, m, is the effective mass of the conduction band electron, and n is the index of
refraction [20]. The transition rate for the conduction band to acceptor, at k=O, is:
= 64x/27rn Q2t PA 2.15
7'n,, c3 m 2 (mAEA )3/2pA 2.15
where, PA is the density of holes in the acceptor band, EA is the ionization energy of
the impurity, and mA is the effective mass of holes.
The energy band structure at k=O is further complicated by the presence of free
excitons. A free exciton is an electron-hole pair with stable bound states resulting
from Coulomb attraction. The energy of the pair is less than the bandgap energy. In
the band structure, the exciton adds a set of energy levels close to the bottom of the
conduction band (Figure 2-5(b)). For the majority of compound semiconductors, the
exciton is ionized at very low temperatures, and, hence, does not contribute to the
PL spectra. The ZnSe system is more ionic than III-V materials, and therefore, the
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Table 2.3: Binding energies (meV) of bound excitons in ZnSe [16].
excitonic structures are intact at 100 K (the measurement temperature). The free
exciton energies in ZnSe are 21 meV and 25.7 meV corresponding to holes from the
light and heavy hole bands, respectively [21, 22].
With the presence of impurities, bound excitons arise. When bound excitons
recombine, the emission has a slightly lower energy than the energy of a free exciton.
A free hole can combine with a neutral donor to form a donor-bound exciton, where
the electron bound to the donor interacts with the hole. Similarly, a free electron can
combine with a neutral acceptor to form an acceptor-bound exciton. The energies of
both excitons upon recombination are close to the bandgap energy. Table 2.3 lists
the binding energies, EBX, of some donors in ZnSe [23]. The binding energy is the
energy required to separate an exciton from an impurity.
Other sources of radiative emission are the longitudinal optical (LO) and trans-
verse optical (TO) phonons. In a direct transition, the phonon emission results from
an excited electron relaxing to a position corresponding to a minimum potential in
the conduction band. The relaxation involves both an energy loss as well as a change
in momentum, which are compensated by the emission of an optical phonon. The
signature of the radiation of optical phonons is a number of equally separated features
(with respect to energy) decreasing in intensity. The LO phonon occurs more often
in the PL of ZnSe, with an energy separation of 31.9 meV [24].
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Donor Ed EBX neutral EBX ionized
Al 26.3 3.96 5.35
C1 26.9 4.05 5.76
Ga 27.9 4.3 7.62
In 28.9 4.5 7.62
Na 90-128 8.5
Chapter 3
Experimental
3.1 Photoluminescence Set-Up
In this study, the experimental set-up for the photoluminescence measurement is
divided into four subsystems; temperature control, optical pumping, optical detection,
and data acquisition (Figure 3-1). The first of these, temperature control, consists
of a closed-cycle compressed helium Janis cryostat. The cryostat is evacuated to less
than 10- 4 Torr with a combination of a mechanical roughing pump and a molecular
drag pump. The cryostat is capable of maintaining a stable temperature of 10 K.
Several samples are simultaneously mounted inside the cryostat on the cold finger.
The sample temperature is monitored and controlled from 10 K to 300 K using a
silicon diode attached to the base of the cold finger.
Simultaneously mounting multiple samples has several advantages. Not only is
the experiment less time-consuming, the conditions under which the PL data is taken
are assuredly the same for each sample. This allows for a more accurate comparison
of the energies of the PL features, especially when the measurements are taken over a
range of temperatures. Also, it is possible to mount a sample with an area of 1 cm2 ,
to study the uniformity of the optical properties across the sample.
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Figure 3-1: The photoluminescence set-up.
3.1.1 Optical Pumping
The sample is optically pumped by a laser beam, from either a 325 nm He-Cd laser
(for II-VI and large band gap III-V materials) or a 632.8 nm He-Ne laser (for narrow
band gap III-V materials), where the laser emission energy is larger than the band
gap energy of the material. The power density can be varied from a few mW/cm 2 to
a few W/cm2 by changing the laser spot diameter on the sample's surface, as well as
the laser power using neutral density filters. Both lasers are similar in power ( 8
mW), but the He-Ne laser has a slightly larger spot size than the He-Cd laser.
Both lasers travel similar paths to the sample. The beam is sent through a laser
line interference filter which passes only the primary laser line. Then, the beam passes
through an optical chopper and is focused with a lens onto the sample's surface. The
final laser power at the sample surface is around 0.45 mW, and the spot diameter is
around 300 um, corresponding to a power density of 0.64 W/cm2 . The large power
loss occurs mainly at the interference filter, which transmits about 25% of the primary
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laser line. The laser is optically chopped to create a modulated signal at the sample
surface. As a result, it is possible to differentiate between the PL signal and any
spurious noise at the data acquisition stage.
3.1.2 Optical Detection
The optical detection stage consists of two lenses, a Hamamatsu photomultiplier tube,
and a 1/2 meter Jarrell Ash spectrometer. The luminescence from the sample surface
is collected using two lenses. The first lens collects and collimates the luminescence
from the sample. The second lens focuses the luminescence onto the slits of the
spectrometer. The spectrometer is scanned over a range of wavelengths. As the
spectrometer passes a wavelength corresponding to the luminescence, the light leaves
the spectrometer at a second set of slits. A photomultiplier tube detects and amplifies
this light with a gain of up to 106. The wavelength calibration of the spectrometer is
made by collecting a second harmonic laser line from the He-Cd laser at 6500 A.
3.1.3 Data Acquisition
The signal from the photomultiplier tube and the corresponding wavelength setting of
the spectrometer are collected in the data acquisition stage. This stage is primarily
a lock-in amplifier, a preamplifier, and a computer. The frequency of the optical
chopper is sent to the lock-in amplifier, along with the signal from the photomultiplier
tube (which has been first sent through a preamplifier-amplifier). For a given time
constant, the lock-in demodulates the signal from the photomultiplier tube and sends
the average to the output and eventually, to the computer. This reduces the level
of background noise, and allows for the detection of signals as small as 1 V. The
analog output of the lock-in amplifier is digitized by a computer equipped with an
analog-to-digital converter. The data over a given range of wavelengths is analyzed
with the aide of computer software [25].
The resulting PL spectra is an indication of the optical quality of the material.
Changes in the PL parameters (measurement temperature and excitation power den-
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sity) can be used to study different effects in the PL.
3.2 System Calibration
A number of measurements were made to optimize the PL system. First, the effect
of changing the excitation power density was examined. The power was changed by
inserting neutral density filters in the path of the laser prior to the sample. Figure
3-2 shows a set of PL spectra for a sample pumped by different power densities,
varying from 640 mW/cm 2 to 6.4 mW/cm 2 . Both of the full-width at half maximums
(FWHMs) and the energies of the peaks are similar regardless of power density. The
PL resulting from lower power densities has better resolution for closely spaced peaks,
but it is also plagued by background noise. For weakly emitting samples, such as
samples dominated by free excitons, a higher power density is necessary to increase
the signal to noise ratio to a useful level. Also higher power densities can saturate
some defect band features such that they might not appear in the PL at various
intensity levels.
Due to the large bandwidth of interest, 1.2 eV, the problem of chromatic aberration
arises. The collection lenses have different focal lengths for different wavelengths of
light. As a result, finding the relative intensity of the features is complicated by the
requirement that the lenses be realigned within the scan range. In general, for ZnSe
samples dominated by a large defect band (in the yellow to orange range of emission),
the collection lenses are aligned to optimize for the wavelengths corresponding to the
defect band for a wide bandwidth scan. A narrow bandwidth scan is taken over the
energy range corresponding to band-edge energies, with the lenses aligned to optimize
the band-edge features. For samples which show no visible defect band, the alignment
is entered on the band-edge features.
Finally, to have a general idea about the optical properties of ZnSe grown on a III-
V substrate, it is essential to understand the optical properties of pure ZnSe. Figure
3-3 shows the PL from a ZnSe bulk crystal. The primary feature with an energy of
2.779 eV, corresponding to an exciton bound to a Zn vacancy, and a FWHM of 2.4
22
D.
C
2.55 2.6 2.65 2.7 2.75 2.8 2.85 2.9 2.95
Energy (eV)
Figure 3-2: The PL of a ZnSe film at several different laser excitation power densities.
meV indicates the resolution limitations of the PL system. The other features to the
left of the primary feature correspond to LO phonon replicas of the exciton transition.
Excitonic PL features in ZnSe at low temperatures are often accompanied by phonon
replicas, for momentum conservation. The longitudinal optical phonon replicas, LO
phonons, are separated by 31.9 meV [24]. The two features to the right of the bound
exciton feature at 2.779 eV correspond to a donor-bound exciton at 2.794 eV, and
a free exciton at 2.801 eV. The donor-bound exciton results from impurities in the
lattice. PL can be used, when supplemented by other characterization methods, to
determine the respective impurities.
3.3 System Limitations
The spectrometer has a resolution limitation on the order of 8 A, or 4 meV at energies
near 2.7 eV and 3 meV at energies near 2.4 eV when the slit width used is 50 m. For
a higher resolution system (with a 1 meter spectrometer), the FWHM for the same
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Figure 3-3: The PL of a bulk-grown ZnSe sample showing feature energies and the
FWHM realizable for the experimental apparatus.
feature has been reported to be as small as 0.3 meV [14]. However, the spectrometer
in the PL system has an optimal resolution of 2 A, or 0.6 meV, for narrower slit
widths. Closing the slits further reduces the collected luminescence to the extent
that the noise in the detection and acquisition electronics exceed and distort the PL
signal. Hence, a compromise between resolution and signal level is maintained with
a less than optimum slit width.
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Chapter 4
Results and Discussion
The PL spectra of ZnSe films grown on GaAs substrates using different sources of Zn
and Se are presented in this chapter. There is an abundance of literature on the optical
properties of MBE-grown ZnSe based upon PL measurements [14, 15, 24, 26, 27, 28].
As a result, the origin of the features generally seen in PL are well-defined. However,
the optical properties of ZnSe grown by GSMBE, MOMBE, and CBE have not been
thoroughly investigated. Table 4.1 shows the 4.2 K energies and the corresponding
explanations for the PL features for thick (> 2m), MBE-grown ZnSe films under
tensile strain due to the PL measurement temperature [14, 24, 29]. The self-activated
emission band (SA) is attributed to donor-acceptor pair transitions involving shallow
donors, the occurrence of zinc vacancies, and the resulting Se complexes [29]. The
neutral donor-bound exciton transitions, 2.792 eV and 2.797 eV, correspond to the
presence of carbon and chlorine impurities, respectively in the ZnSe [24, 26].
Although the origin of the PL features of ZnSe are understood, the energies at
which the respective peaks occur are strongly dependent upon the growth parameters
and the sources, as well as the measurement parameters. The effects of these param-
eters on the PL are understood, and can be identified. For example, the heavy hole
(hh) free exciton feature decreases both in energy and FWHM as the film thickness
increases. The trends in the energy and the FWHM of the hh free exciton feature
have been measured by photoreflectance and are shown in Figure 4-1 [27].
A similar trend exists for variations in the growth temperature [14]. For an in-
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Table 4.1: Known transitions for ZnSe under tensile strain grown on GaAs based on
low temperature PL measurements.
2.0 4.0 6.0
Thickness (microns)
8.8 10e.
Figure 4-1: Photoreflection of ZnSe epilayers at T=10 K. Thickness dependence of
the resonance energy and the half-width of the heavy hole exciton [27].
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Name Energy (eV) Explanation Ref.
Ex' 2.8020 Free exciton, hh [15]
Ex2 2.8000 Free exciton, lh [15]
I1 2.790 Neutral acceptor-bound exciton [14]
Ideep 2.782 Deep acceptor-bound exciton [14]
I2 2.797 Neutral donor-bound exciton, chlorine [24]
I2 2.792 Neutral donor-bound exciton, carbon [26]
Is 2.7958 Ionized donor-bound exciton [24]
Yo 2.60 Due to extended defects [28]
SA 2.386 Defect band [29]
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Figure 4-2: The peak position of bound exciton emission lines and free exciton as a
function of the substrate temperature [14].
creasing substrate temperature, T.ub, a downward shift in the feature energies for
the light hole (lh) free exciton, the neutral acceptor-bound exciton and the neutral
donor-bound exciton transitions occurs due to thermal stress between the ZnSe and
the GaAs [14]. Since ZnSe and GaAs have different thermal expansion coefficients,
a thermal stress results, creating a 2D tensile stress in the ZnSe. Hence, increasing
the substrate temperature during growth increases the thermal stress (or 2D tensile
stress at 4.2 K) and causes the ZnSe energy bands to shift, altering the PL. This is
shown in Figure 4-2 [14]. However, the hh free exciton transition remains constant in
energy with Tb as seen in Figure 4-2 after reference [14]. For thin films (< l1m),
the dominant free exciton transition is a heavy hole free exciton, whereas for thicker
films, the light hole free exciton is dominant. Compressive strain is associated with a
"heavy hole up" condition, and tensile strain with a "light hole up"condition, hence
the strain of a ZnSe film can be determined by the free exciton transition energies.
4.1 MOMBE Growth
Several combinations of metal-organic and solid sources have been employed to op-
timize the growth of ZnSe. The bulk of the effort was to obtain a growth rate
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comparable to MBE ( 1 m/hr) while employing gas sources. A parallel effort an-
alyzing the effects of laser illumination during growth has resulted in a variation in
the properties of each sample across its surface. An example of the PL of a MOMBE
sample at several points on the surface from a thin region (1000 A) which did not have
laser-assisted growth, to a thicker region (1800 A) which had laser-assisted growth
(Figure 4-3) shows the variation in the optical properties with respect to laser-assisted
growth. The donor-bound exciton feature of each scan is labelled by a symbol. The
PL scan with an '*' labelling the donor-bound exciton feature corresponds to the
thinnest region, with no laser-illumination during growth. The other scans corre-
spond to progressively thicker regions of the sample, where increasing power densities
of laser-illumination occurred during the growth. The PL shows changes in the rela-
tive intensities of the features with respect to the regions of increasing thickness. As
the thickness increases (and, hence, the power density of the laser-illumination in-
creases), the donor-bound exciton feature increases in intensity with respect to both
the donor-acceptor pair (DAP) and the defect band ( 2.3 eV) features. The increase
in the intensity of the donor-bound exciton indicates a higher degree of stoichiometry
in the film.
This section is subdivided into three main subsections according to the sources
employed during the growth of ZnSe. The first main subsection compares the PL from
ZnSe grown using DEZn and DESe sources. Within this subsection, the PL for vari-
ations in substrate temperature, laser illumination energy, and Zn flux is presented.
The second subsection deals with the PL from ZnSe grown with one diethyl-based
source and one elemental source. Each combination is dealt with separately. Finally,
the last subsection presents the PL for ZnSe grown with one dimethyl-based source
with variations in the growth parameters and the sources.
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* Peak: 2.795 eV
FWHM: 5.7 meV
+ Peak: 2.799 eV
FWHM: 7.2 meV
o Peak: 2.796 eV
FWHM: 6.7 meV
o Peak: 2.800 eV
FWHM: 6.0 meV
' Peak: 2.797 eV
FWHM: 6.4 meV
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Figure 4-3: PL of ZnSe grown by MOMBE at several points on the sample surface.
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4.1.1 ZnSe Growth with DEZn and DESe Sources
Three comparisons are made of the PL of ZnSe grown using DeZn and DESe as
sources. In order to understand the mechanism by which photo-assistance affects the
growth of ZnSe, the PL of ZnSe grown using different laser illumination energies is
first considered. Next, three ZnSe films grown at different substrate temperatures are
compared. The third comparison is for variations in the Zn flux during ZnSe growth.
Different laser illumination energies were used during ZnSe film growth while hold-
ing the other growth parameters constant (Table 4.2). The enhancement ratio, i.e.
the ratio of the thicknesses of the illuminated region to the unilluminated region,
increases with increasing laser energy, with a critical point at the bandgap energy
[8]. The enhancement ratios for these growths are shown Figure 4-4. For laser illu-
mination energies above or near the bandgap energy, the enhancement ratio is 3
for the growth conditions employed. The PL for these samples (Figure 4-5 ) shows
an improvement in the relative intensities between the defect band and the bandedge
features when the laser, that is used to illuminate the surface during growth, has an
energy greater than or equal to the energy of the interband impurity states. The PL
of the different samples are labelled according to the growth number and whether or
not the region is laser illuminated, where 'nl' indicates no laser illumination and '1'
for laser illumination. The intensity scale is not normalized unless otherwise stated.
All of the films grown without laser illumination are pseudomorphic with the GaAs
substrate, and thus have the same lattice constant as GaAs. Hence, the combination
of the strain due to the lattice mismatch as well as the slight variation in growth
temperatures results in different energies for the band-edge features.
The films that are grown with laser assistance using laser emission wavelengths of
4579 A and 4880 A (Figures 4-5 (d)-(g)) have more prominent bandedge features; a
donor bound exciton (2.796 eV) and a DAP (2.737 eV). Both of these illumination
energies, along with the illumination energy of growth # 53 (Figures 4-5 (b) and
(c)), are less than the ZnSe band-gap energy, but are within range of the interband
defect state energies. Growth # 46 (Figures 4-5 (h) and (i)) was illuminated with a
laser with an emission energy greater than the bandgap energy; whereas growth # 57
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Figure 4-4: Enhancement ratio for ZnSe grown using DEZn and DESe with different
laser illumination energies. The line is drawn to aid the eye. The arrow denotes the
bandgap energy at growth temperatures [7].
(Figure 4-5 (a)) was illuminated with a laser with an emission energy less than the
ZnSe bandgap energy. Also the intensity of the neutral donor-bound energy increases
in the illuminated regions, as compared to the unilluminated regions.
The trends in the PL cannot be entirely associated with the laser illumination
energy. Growth # 57 is thinner than the other samples, and all of the samples'
unilluminated regions are below the critical thickness and should be pseudomorphic
to the GaAs substrate. Also, the growth temperature is slightly lower in growth # 46.
The presence of the laser definitely affects the relative intensities between the defect
band and the bandedge features, as well as between the different bandedge features.
From these comparisons, it is clear that the effect of above bandgap illumination
is to improve the stoichiometry of the ZnSe. The improvement is demonstrated by
the occurrence of luminescence originating from near bandedge.
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[[ZnSe Growth 46 44 42 53 57 I
Growth Time (Hr) 4 4 4 4 4
Tsub (C) 340 355 355 360 355
Cracker Tse (C) 800 800 800 800 800
Cracker Tz, (C) 50 50 50 50 50
DESe flow rate (sccm) 0.5 0.5 0.5 0.5 0.5
DEZn flow rate (sccm) 0.5 0.5 0.5 0.5 0.5
Laser A A 3511-3638 4579 4880 5145 7800
Unilluminated thickness A 1350 1250 1250 1100 850
Illuminated thickness A 3200 3300 3350 3000 850
Table 4.2: Growth conditions for the comparison of the PL for different laser energies.
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Figure 4-5: PL of ZnSe grown using DEZn and DESe with different laser illumination
energies. (a) 7800 A, (b) and (c) 5145 A, (d) and (e) 4880 A, (f) and (g) 4579 A, (h)
and (i) 3511-3638 A. The intensities were not normalized.
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571 1
no photoluminescence
(c) 53 1 2.794
2.737
(e) 421 2.737
2.794
g) 44 1 2.796
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Variations in Substrate Temperature
The PL spectra for three ZnSe samples grown using similar conditions, with differ-
ent substrate temperatures (Table 4.3) are shown in Figure 4-6. The film thicknesses
for the three samples, ranges from 700 to 9200 A, with the laser illuminated re-
gions being the thickest. The enhancement ratio, the ratio of the illuminated and
the unilluminated thicknesses, is larger than unity in all three cases, but decreases
with increasing substrate temperature. Also, all of the unilluminated regions, along
with the illuminated region of growth # 51, are significantly thinner than the critical
thickness (1500 A), resulting in PL features with varying energies.
Figure 4-6(a) shows the PL for the thickest sample (growth # 50 with laser illumi-
nation). The unilluminated area of growth # 50 was polycrystalline (as determined
by RHEED during growth); hence there were no detectable PL features. At a growth
temperature of 2500C, the DEZn is not efficiently pyrolyzed, and the resultant film
is therefore highly nonstoichiometric. Growth # 50 is speculated to be primarily
composed of Se, and thus does not luminesce. The presence of a strong PL signal
from the illuminated region indicates that during growth the laser illumination has
increased the supply of Zn to the sample surface, through the generation of carriers
which break up the ethyl radicals. Although the relative intensities of the defect band
and the bandedge features favor the bandedge features, the primary bandedge fea-
ture is a neutral donor-bound exciton, I2 at 2.794 eV. Since the film is so thick (9200
A), there is no way of determining the nature of the defects at the heterointerface
using PL beyond considering the low intensity of the defect band. To the right of I2,
there is a small feature corresponding to a free exciton (at 2.802 eV), indicating high
crystalline quality. The I2 feature is very wide (FWHM = 22 meV), which indicates
that there is more than one transition within the feature.
For a film which is one third as thick as growth # 50, Figure 4-6(c), the laser-
assisted portion of growth # 28 has a much larger defect band in relation to the
bandedge features. The unilluminated region, Figure 4-6(b), is much thinner than
the illuminated region, and there is no bandedge feature in the PL. This indicates
that the growth conditions were not optimum for eliminating Zn vacancies and min-
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ZnSe Growth # 50 |28 151 
Growth Time (Hr) 4 4 4
T.ub (°C) 250 355 460
Cracker Ts, (C) 800 800 800
Cracker Tz, (C) 50 50 50
DESe flow rate (sccm) 0.5 0.5 0.5
DEZn flow rate (sccm) 2.5 2.5 2.5
Laser A A 4579 4579 4579
Unilluminated thickness A 1100 1000 700
Illuminated thickness A 9200 3000 1100
Table 4.3: Growth conditions for the comparison of the PL for the ZnSe grown using
DEZn and DESe with different substrate temperatures.
(nC
a)
C:
2 2.2 2.4 2.6 2.8 2
Energy (eV) 2.2 2.4 2.6 2.8
Figure 4-6: PL of ZnSe grown using DEZn and DESe with different substrate temper-
atures (Tub). (a) 250°C, (b) and (c) 355°C, (d) and (e) 4600C. All of the nl samples
are pseudomorphic.
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T sub
(a) 501 2.794
(b) 28 1
2.796
(e) 511 2.798
2.702
I I
imizing defects due to nonstoichiometry. The presence of bandedge features for the
illuminated regions indicates that laser illumination created photogenerated carriers
which react with the Zn complexes at the surface to break apart any bonds between
Zn and ethyl radicals, which reduces the number of Zn vacancies, and hence, reduces
the intensity of the defect band PL feature relative to the bandedge features [8]. To
the left of the donor-bound exciton feature at 2.796 eV of Figure 4-6(c), there is donor
acceptor pair (DAP) transition at 2.737 eV accompanied by phonon replicas.
The highest growth temperature has the best PL in relation to eliminating the
defect band. Figures 4-6 (d) and (e) show the PL for growth # 51 without and with
laser illumination, respectively. The intensity of the self-activated emission (2.38 eV)
is relatively small compared to the bound exciton features. In addition, the laser
illuminated portion of growth # 51 has a more intense donor-bound exciton feature
with respect to the DAP feature than the unilluminated region of the sample. This
reduction could possibly be due to a decrease in the concentration of acceptors or an
increase in the concentration of donors in the laser-assisted areas of the film. The
origin of the DAP feature in growth # 51 is different from the DAP feature previously
seen.
The improvement in the ratio between the intensity of the bandedge features to
the defect band as the growth temperature increases is explained by the effect of
substrate temperature on the DEZn molecule. At the higher growth temperatures,
the DEZn molecule is more efficiently pyrolyzed at the sample surface. Therefore,
more Zn is incorporated and the concentration of Zn vacancies is reduced. Laser
illumination during growth improves the optical quality by breaking up the ethyl
radicals, leaving less DEZn at the sample surface hence, the level of Zn vacancies is
reduced.
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Variations in Zn flux
A comparison of the PL from ZnSe films grown with different Zn fluxes is made in
Figure 4-7. The growth parameters (Table 4.4) have been set such that a moderate
substrate temperature, 355 0C, is maintained when the zinc flux was varied from 2
to 0.5 sccm; the Se flux was held constant at 0.5 sccm. The resulting PL for each case
shows a progression in the relative intensities between the bandedge features and the
defect band. The comparison is more vivid for the laser-assisted areas of the samples.
As the growth conditions become increasingly Zn-rich, the defect band decreases in
magnitude, suggesting a decrease in the Zn vacancies which are a source of point
defects.
The DAP features in the unilluminated regions (Figures 4-7 (a) and (c)) differ
from the DAP features in the illuminated regions (Figure 4-7 (d) and (f)) of the
ZnSe films. For the unilluminated regions, the DAP feature and the donor-bound
exciton feature form one unresolved feature. The PL for the illuminated regions show
separate DAP and donor-bound exciton features. The origin of the DAP feature in
both regions is speculated to be due to a deep donor (carbon) recombining with an
acceptor. It is speculated that the concentration of the zinc vacancies is higher for
the unilluminated regions of the samples than for the illuminated regions.
Summary
In summary, the three comparisons have shown various trends in the PL of ZnSe
that was grown using DEZn and DESe sources. First, when the energy of the laser
used in the laser-assisted growth of ZnSe is greater than the defect state energies,
the PL for the regions with laser assistance has a higher crystalline quality over the
regions without laser assistance. The improvement in crystal quality is manifested
by a reduction in the relative intensities of the defect band to the bandedge features.
Second, increasing the sample temperature during growth reduces the magnitude of
the defect band with respect to the bandedge features. This is accompanied by a
slight improvement in the resolution of the bound exciton and the DAP features.
Finally, increasing the Zn flow rate improves the film quality. This is seen in both
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ZnSe Growth # 54 55 53
Growth Time (Hr) 4 4 4
Ta (°C) 360 355 355
Cracker Ts (C) 800 800 800
Cracker Tz (C) 50 50 50
DESe flow rate (sccm) 0.5 0.5 0.5
DEZn flow rate (sccm) 2 1 0.5
Laser A A 4579 4579 5145
Unilluminated thickness A 1000 1100 1100
Illuminated thickness A 4400 4500 3000
Table 4.4: Growth conditions for the comparison of the PL for different Zn fluxes.
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Figure 4-7: PL of ZnSe grown using DEZn and DESe with different Zn fluxes. (a) and
(b) 2 sccm, (c) and (d) 1 sccm, (e) and (f) 0.5 sccm. The nl samples are pseudomorphic
to the GaAs.
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the unilluminated and the illuminated regions of each sample where the ratio of the
intensities of the bandedge features to the defect band feature decreases as the Zn
flow rate increases. These three comparisons correlate the PL with the difficulty in in-
corporating the Zn atom during MOMBE growth with DEZn and DESe sources. The
use of the ethyl-based sources causes a surface site blockage due to a strongly bound
chemisorbed species at the surface prohibiting incorporation of the metal atoms. The
use of photo-assistance with energies above the bandgap result in increasing the Zn
incorporation via a photo-catalytic effect involving free carriers and the adsorbed
DEZn molecule.
4.1.2 ZnSe Grown with One Diethyl-Based Source and One
Elemental Source
Only one ZnSe film that was grown using this combination of sources; DEZn and
elemental Se (Table 4.5) had a detectable level of PL. While no comparisons can be
made within this subset of MOMBE growth, the PL of this film, Figure 4-8, is useful
for comparisons across the entire range of MOMBE experiments. At a relatively low
growth temperature of 280 °C, a thin ZnSe film was grown (both regions are much
thinner than the critical thickness). The resulting PL shows that both the illuminated
and the unilluminated regions of the sample is defect-dominated. However, the film
is very thin, and from a measurement standpoint, the fact that there was a detectable
level of luminescence from the sample suggests good crystal quality. Since the PL
measurement has probed to the ZnSe/GaAs interface, the appearance of bandedge
features in the illuminated region of the sample indicates that the laser is effective in
reducing vacancies even during the initial stages of the nucleation. Also, the presence
of the defect band for an elemental Se source means that the defect band is not solely
a function of the DESe source used in the previous analysis.
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. ZnSe Growth # 1 65 1
Growth Time (Hr) 1
T,,b (C) 280
Effusion Cell Tse (C) 250
Cracker Tz (C) 50
Laser A A 4579
Unilluminated thickness A 200
Illuminated thickness A 500
Table 4.5: Growth conditions for ZnSe grown with DEZn and solid Se.
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Figure 4-8: PL of ZnSe grown using DEZn and elemental Se.
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ZnSe Grown with Elemental Zn and DESe Sources
Three of the films that were grown using elemental Zn and DESe sources (Table
4.6) were grown where both the substrate temperature and the Zn cell temperature
were varied. The PL for these samples, Figure 4-9, is shown for only the unillumi-
nated regions since in growth # 63, ZnSe did not nucleate in the illuminated region,
and in growth # 66, the laser illumination suppressed the ZnSe growth rate which
resulted in a film which was too thin to optically characterize. For the combination
of elemental Zn and DESe sources, the laser has an effect on the Se atom. Excess Se
is desorbed in the laser-assisted regions of the sample and the Zn is not affected [7].
Each of the resulting films are very thin. Growths # 66 and 63 were grown with both
moderate substrate and Zn effusion cell temperatures. The resulting PL spectra are
defect-dominated, indicating that the ethyl radicals from the DESe are blocking the
incorporation of Zn into the lattice leading to point defects. For a very low growth
temperature (2350 C), and a moderate Zn effusion cell temperature. the PL indicates
that the ZnSe has high crystalline quality (Figure 4-9 (a)). The primary PL feature
for this sample is a donor-bound exciton transition, however, an intense free exciton
feature appears as well. Since the temperature of the Zn effusion cell dictates the
magnitude of the Zn deposition rate, the moderate Zn cell temperature could be high
enough to reduce the presence of Zn vacancies during the ZnSe deposition.
The laser illuminated regions of the ZnSe films grown with elemental Zn and DESe
experienced a suppressed growth rate, indicating that the laser is desorbing the Se
atoms from the sample surface. As the Se flux is increased, or the growth temperature
is decreased, laser-assisted growth has less of an effect on the resultant ZnSe; this is
speculated to be a Se desorption phenomenon [30].
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] ZnSe Growth # 1 66 63 69 ]
Growth Time (Hr) 1 1 1
Tsb (C) 300 280 235
Cracker Tse (C) 800 800 800
Effusion Cell Tz, (°C) 440 335 360
Unilluminated thickness A 300 300 675
Table 4.6: Growth conditions for the comparison of the PL for the ZnSe grown with
solid Zn and DESe sources for different growth temperatures and Zn fluxes.
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Figure 4-9: PL of ZnSe grown using Zn and DESe with different substrate tempera-
tures and Zn fluxes. (a) T,, = 2350C, Tz.=360C, (b) T = 280"C, Tzn = 335"C,
(c) T,~ = 3000 C, Tz = 440 C.
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4.1.3 ZnSe Grown with One Dimethyl-based Source
ZnSe films that were grown using DMZn and solid Se as sources for different growth
temperatures (Table 4.7) have markedly different optical properties in comparison
to films grown using ethyl-based sources. The PL of the methyl-based samples are
shown in Figure 4-10. Once again, the primary feature in the PL is the defect band.
However, at higher substrate temperatures, the shape of the defect band changes
from a single peak centered at around 2.3 eV to two peaks centered at 2.0 eV and 2.4
eV. As the growth temperature decreases, the illuminated regions show an increase
in the ratio of the intensities of the bandedge features to the defect band. In the
unilluminated cases, at lower Tsub, the bandedge features barely exist; while at the
higher T,,ub, they are greater than or comparable to the intensity of the defect band.
The bandedge features are primarily the emission from a donor-bound exciton and
a DAP transition. The shape of the band edge features implies that there are two
different DAP features; one corresponding to a deep donor level, and the other to a
shallow donor level (Figures 4-10 (a) and (c)). The illuminated regions of the films
are either thinner than or roughly equal to the same thickness as the unilluminated
regions, most of which are below the critical thickness. The suppression of the ZnSe
growth rate using laser illumination suggests that the laser does not have the same
effect on DMZn that it does on DEZn. In the PL of the methyl-based ZnSe films,
the laser affects the optical properties, because the bandedge features are enhanced
with respect to the defect band at lower substrate temperature (Figures 4-10 (e) and
(f)). The effects of the laser-assisted growth are also found in the samples grown with
a higher Tb (Figure 4-10 (a) and (b)). In this situation, the bandedge feature is
reduced with respect to the defect band for the PL of the unilluminated sample with
increasing substrate temperature. In either case, increasing the sample temperature
during growth is reducing the amount of Zn at the surface, and increasing the number
of vacancies as a result.
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IZnSe Growth # 97 19693
Growth Time (Hr) 1 1
T.b (C) 280 310 330
Effusion cell Ts (C) 234 222 234
Cracker Tz, (C) 1050 1050 1050
DMZn flow rate (sccm) 1 1 1
Laser A A 4579 4579 4579
Unilluminated thickness A 1450 1250 1450
Illuminated thickness A 1850 1000 1000
Table 4.7: Growth conditions for the comparison of the PL for
DMZn and solid Se sources for different growth temperatures.
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Figure 4-10: PL of ZnSe grown using DMZn and elemental Se with different substrate
temperatures, (T.b). (a) and (b) 3300C, (c) and (d) 3100C, (e) and (f) 2800 C.
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ZnSe Grown using DMZn and Elemental Se with Different Zn Flow Rates
Another comparison can be made by considering the ZnSe growth rate as the
DMZn flow rate was varied. Three films were grown under similar conditions for
one hour, with large variations in the resulting film thickness (Table 4.8). At the
highest DMZn flow rate, both the illuminated and the unilluminated regions are the
thickest of the three growths; well above the critical thickness, suggesting that the
Zn arrival rate limits the growth rate. In the other two samples, the films are below
or approximately equal to the critical thickness (1500 A). The laser has the effect
of suppressing the growth at the lower two DMZn flow rates, while enhancing the
growth at the higher flow rate. Figure 4-11 shows the PL for three samples with Zn
flow rates of 1, 1.5, and 2 sccm. There are three trends evident in the PL. First, in
the laser-assisted areas of the samples, the ratios of the intensities of the defect band
to the bandedge structure are increasing with decreasing DMZn flow rates. Secondly,
for an increase in DMZn flow rate, the relative intensities between the donor bound
exciton and the deep level DAP transition features increases regardless of whether
laser illumination occurred on the sample during growth or not. However, the PL
of the film grown using the lowest DMZn flow rate, Figures 4-11 (a) and (b), has a
stronger shallow DAP transition feature than donor-bound exciton feature. Finally,
in the comparison between the laser illuminated and unilluminated case, the presence
of a shallow donor in a DAP transition occurs for higher substrate temperatures in
the illuminated laser case (Figures 4-11 (a), (b), and (c)). The appearance of the
shallow donor-acceptor pair is speculated to be a function of the level of carbon
incorporation in the film. As the carbon level decreases, the shallow donor level has
a higher probability of radiative recombination with an acceptor level. Higher carbon
concentrations effectively saturate the level, and force any radiative recombinations
from the shallow donor level to a deep donor level. In growth # 93, a shift in the
DAP transition energy is seen. Two DAP features exist, accompanied by phonon
replicas. The smaller of the two DAP features in intensity corresponds to the same
transition as shown for the growth #'s 98 and 99. The other DAP transition has
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ZnSe Growth # 9 98 99
Growth Time (Hr) 1 1 1
T,.b (C) 310 310 310
Effusion cell Ts (C) 222 234 234
Cracker Tz, (C) 1050 1050 1050
DMZn flow rate (sccm) 1 1.5 2
Laser A A 4579 4579 4579
Unilluminated thickness A 1250 2300 2800
Illuminated thickness 1000 1900 3800
Table 4.8: Growth conditions for the comparison of the
DMZn and solid Se sources for different Zn flow rates.
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Figure 4-11: PL of ZnSe grown using DMZn and elemental Se with different Zn fluxes
(a) and (b) 1 sccm, (c) and (d) 1.5 sccm, (e) and (f) 2 sccm.
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a higher energy, and hence corresponds to a change from a deep donor state to a
shallow donor. The combination of the improved ratios of the donor-bound exciton
to the defect band intensities, the improved ratios of the donor-bound exciton to the
deep DAP transition, and the presence of the shallow DAP transition with increasing
Zn fluxes suggests that the higher DMZn flow rates are effective in improving the
optical quality of the ZnSe film.
ZnSe grown using DMZn and DESe.
The growth of ZnSe using DMZn and DESe was performed once. The growth
conditions are shown in Table 4.9. For a standard growth time of 1 hour, and a
moderate substrate temperature of 3100C, the resulting ZnSe film is very thin in
both the laser illuminated and the non-illuminated regions. However, a detectable
level of PL from a region of the sample which did not have laser-illumination during
growth was collected (Figure 4-12). The PL is defect-dominated, as shown by the
defect band at - 2.3 eV. The primary band-edge feature corresponds to a donor-
bound exciton structure at 2.799 eV. The illuminated region emitted no detectable
level of luminescence. The fact that the thicknesses of the two regions on the sample
are comparable suggests that the laser had little effect on the growth rate.
ZnSe grown with DMZn and H2Se sources
The last case of growth which employs one metal-organic source is ZnSe grown
with DMZn and H2Se, and falls under the category of CBE. Four films were grown
under the same conditions except for variations in the substrate temperature (Table
4.10). The films are all much thicker than the critical thickness. The resulting
PL (Figure 4-13) is defect dominated. The only film which has any recognizable
bandedge features is shown in Figure 4-13 (d). When the measurement was taken,
the other three films luminesced a bright orange, which indicates an abundance of
states throughout the band-gap. Since the orange luminescence has never been seen
in the previous MOMBE samples, the combination of the sources implemented and
the very low growth temperatures in growth #'s 114-116 could have resulted in a
high concentration of point defects throughout the film.
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ZnSe Growth# 194 
Growth Time (Hr) 1
Tsub (C) 310
Cracker Tse (C) 800
Cracker Tzn (C) 1050
DMZN flow rate (sccm) 1
DESe flow rate (sccm) 0.5
Laser A A 4579
Unilluminated thickness A 250
Illuminated thickness A 300
Table 4.9: Growth conditions for ZnSe grown using DMZn and DESe.
2.2 2.4 2.6 2.8Energy (eV)
Figure 4-12: PL of ZnSe grown using DMZn and DESe.
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ZnSe Growth # 113 1 115 116 
Growth Time (Hr) 3 3 3 3
To,0 (0C) 310 250 220 200
Cracker Ts, (C) 1200 1200 1200 1200
Cracker Tz, (°C) 1050 1050 1050 1050
DMZN flow rate (sccm) 2 2 2 2
H 2Se flow rate (sccm) 1 1 1 1
Unilluminated thickness psm 0.52 0.82 0.7 0.65
Table 4.10:
DMZn and
Growth conditions for the comparison of the
H2Se for different growth temperatures.
PL of ZnSe grown using
-'
C
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Figure 4-13: PL of ZnSe grown using DMZn and H2Se for different growth tempera-
tures, (T,,,). (a) 200°C, (b) 220°C, (c) 250°C, (d) 3100C.
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4.2 ZnSe Grown by MBE
Most ZnSe-based optical devices are grown by MBE [2, 3, 4]. For the sake of
growth rate comparisons, MBE was used during the growth of several films. However,
the growth conditions were widely varied except for the case of three films, where the
substrate temperature was the sole variable (Table 4.11). No nucleation was achieved
for the film attempted with a Tsb of 380 C (growth # 82), since the Zn and Se
desorbed from the sample surface during growth. Only one of the films (growth #
68) had a detectable PL signal, as shown in Figure 4-14. The PL in Figure 4-14 shows
a high quality ZnSe film, with a small defect band and a dominant bandedge feature.
The primary features at the bandedge are due to a donor-bound exciton at 2.800 eV
and a deep donor-acceptor-pair at 2.737 eV. The ZnSe grown by MBE can yield PL
dominated by a free exciton feature as in the case of the ZnSe used in light emitting
diode structures [2]. However, the PL of growth # 68 does not exhibit this ideal. The
presence of a defect band indicates that the film was grown with nonstoichiometric
growth conditions. The presence of a donor-bound exciton indicates a high impurity
concentration.
4.3 ZnSe Grown by GSMBE
The optical properties of the ZnSe grown by GSMBE has also been investigated. In
GSMBE, elemental Zn and gaseous H2Se are used as source materials. In addition, the
growth rate is limited only by mass transport. An example of the surface uniformity
of a GSMBE-grown ZnSe film is shown in Figure 4-15, where PL measurements are
made at several points on a sample. The FWHM and the transition energy of the
donor-bound exciton feature remains constant across the sample.
The GSMBE ZnSe epilayers were grown with the optical and electrical properties
in mind; hence, there are more complete sets of data for comparison. Because the
optical properties are under consideration, the films are thicker (usually > 1 m).
Therefore, compressive strain is no longer the primary consideration in the PL fea-
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[1 ZnSe Growth # 181 [ 68 182 11
Growth Time (Hr) 1 1 1
T,,,b (°C) 220 300 380
Effusion Cell Ts, (C) 219 220 219
Effusion Cell Tz (C) 338 338 338
Unilluminated thickness A 1800 1175 0
Illuminated thickness A 1800 1025 0
Table 4.11: Growth conditions for the comparison of
elemental Zn and elemental Se.
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Figure 4-14: PL of ZnSe grown using elemental Zn and elemental Se.
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Figure 4-15: (a) PL of a GSMBE sample. (b) The peak energies and FWHM's of the
PL at the respective locations on the sample.
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ture energies. Instead, the film experiences tensile strain when being cooled to the
measurement temperature.
Along with the surface uniformity, the dependence of the integrated intensity of
the bandedge features of the PL for a GSMBE-grown ZnSe film on the PL measure-
ment temperature was determined. For a range of energies which includes all of the
bandedge PL features, the PL of a ZnSe sample was taken at several measurement
temperatures. The combination of the changes in the FWHM and peak intensities
can be defined by the integrated intensity. Figure 4-16(a) shows the integrated inten-
sity for a GSMBE-grown ZnSe film as a function of the measurement temperature.
The integrated intensity decreases, falling by 80% from 10 K to 77 K, as the PL
measurement temperature increases. At room temperature, the integrated intensity
is 5% of the 10 K value. The corresponding 10 K PL of the ZnSe is shown in Figure
4-16(b). Although the PL for this sample is dominated by bandedge features, the
primary feature is the donor-bound exciton structure at 2.798 eV. The free exciton
(FE) structure appears as a shoulder to the right of the donor-bound exciton feature.
As the PL measurement temperature increases, the exciton gains enough energy to
'unbind' from the impurity becoming a free exciton. As a result, the donor-bound
exciton feature decreases with increasing PL measurement temperature. Depending
on the quality of the ZnSe, the free exciton can either radiatively or nonradiatively
recombine. For a film with a lot of trap states, the free exciton is more likely to
recombine nonradiatively, hence further decreasing the PL intensity of the bandedge
features. Therefore, the integrated intensity as a function of PL measurement tem-
perature effectively measures the quality of the ZnSe. For a high quality ZnSe film,
the integrated intensity will decrease more slowly with PL measurement temperature.
In comparison to the MOMBE samples, where the PL tended to be defect-dominated
and the measure of crystal quality was a function of the defect band, the PL of the
GSMBE-grown ZnSe films does not exhibit a defect band structure. Thus, the inte-
grated intensity is a useful measure of the relative quality of the GSMBE-grown ZnSe
films.
Several comparisons are made of the PL from the GSMBE-grown ZnSe films. First,
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Figure 4-16: (a) Integrated intensity of a GSMBE-grown ZnSe film as a function
of PL measurement temperature. (b) PL of GSMBE-grown ZnSe film used for the
integrated intensity measurement.
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the PL for epilayers grown with different substrate temperatures is considered. This
comparison is further supported by taking PL measurements at a higher temperature
(77 K) to investigate the defect-related features, such as DAP transitions. Also, the
PL for ZnSe films grown with different H2Se cracker temperatures and with different
Zn fluxes is compared.
ZnSe with different substrate temperatures
Five GSMBE growths with similar growth conditions, except Tsub, were completed
(Table 4.12). However, the parameters have been varied to achieve slightly Zn- or Se-
rich stoichiometry. Growth #'s 120, 121, and 122 are considered Se-rich based upon
the corresponding RHEED reconstructions during the growths; whereas growths 124
and 125 are considered Zn-rich. The corresponding PL, Figure 4-17, shows little or
no defect band, and the primary feature at 2.798 eV is a donor bound exciton arising
from chlorine impurities [24]. The films are under tensile strain due to the low PL
measurement temperature, with the corresponding shift in the feature energies by +2
meV.
As the growth temperature increases, a more prominent free exciton (FE) feature
appears at 2.803 eV in the PL spectra. The FE transition corresponds to a light hole
state in the valence band since the film is under tensile strain. The presence of a FE
feature in the PL indicates a higher optical quality ZnSe film, since the concentration
of impurities and vacancies in the lattice has been reduced to the point that a pure
band-edge transition is detectable. The FE feature appears for lower Tub's in the
Zn-rich case (2700C) than for the Se-rich case (3000C).
For the PL taken at 77 K, the primary features are the same as the lower tem-
perature measurement (Figure 4-17 (b)). However, the energies shift slightly to lower
energies due to the different measurement temperature since the bandgap energy of
a material is temperature dependent. For the lowest growth temperature, the defect
band structure appears. In this case, the ratio of the intensities of the donor-bound
exciton feature to the defect band is -100. Therefore, even at higher PL measurement
temperatures the ZnSe film exhibits good optical characteristics.
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|| ZnSe Growth # [ 122 124 125 120 121 ||
Growth Time (Hr) 4 4 4 4 4
T.ub (C) 250 274 290 315 330
Cracker Tse (C) 1000 1000 1000 1000 1000
Effusion Cell Tz, (°C) 305 304 304 305 305
Se flow rate (sccm) 2.5 1.8 1.8 2.5 2.5
Zn flux (A/sec) 0.73 0.71 0.75 0.68 0.77
Thickness /tm 2.2 1.17 1.15 1.55 1.55
Table 4.12: Growth conditions for the comparison of the PL
solid Zn and H2Se with different substrate temperatures.
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Figure 4-17: PL of ZnSe grown using solid
temperatures. PL measurements made (a)
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Zn and and H2Se with different substrate
at 10 K, (b) at 77 K.
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ZnSe with different H2Se cracking cell temperatures
Three ZnSe samples were grown with variations in the H2Se cracking cell temper-
ature while maintaining a constant Zn flux. The other growth parameters are similar
(Table 4.13), with a slight variation in the Zn cell temperature. The thickness of the
resulting films increase with increasing cracking cell temperatures. The PL spectra
of these films are shown in Figure 4-18, where, once again, the primary feature cor-
responds to the donor-bound exciton transition at 2.798 eV. While decreasing the
cracking cell temperature significantly decreases the growth rate due to less cracked
H2Se at the surface, the resultant PL indicates higher crystalline quality with the
presence of the FE transition at 2.802 eV. Since the Zn flux remained constant, the
II-VI ratio at the surface increases with decreasing cracking cell temperatures. Also,
a donor-bound exciton feature at 2.797 eV exists in the PL for growth # 155. The
shift in the donor-bound exciton feature is a function of the thickness of the ZnSe
films as can be seen in the increase in peak energies. Since the thickness of growth
# 155 is 1800 A, the ZnSe is potentially under a slightly compressive strain, which is
manifested by a increase in the donor-bound exciton energy.
As the cracking cell temperature decreases, the corresponding PL features become
sharper, with narrower FWHM values. In growth #'s 159 and 158, the donor-bound
exciton features are convolved with the LO phonon replicas. The features in growth
# 155 are more resolved, with the FE peak at 2.804 eV appearing as both a narrow
feature, but - 30% as intense as the donor-bound exciton feature. The improvement
in the ZnSe optical properties with lower H2Se cracking cell temperatures is a function
of the availability of Zn at the ZnSe surface during growth. Lowering the cracking cell
temperature effectively reduces the Se concentration at the ZnSe surface, increasing
the Zn-to-Se ratio at the ZnSe surface. Zn-rich growth conditions improve the optical
properties of the resulting ZnSe.
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] ZnSe Growth 4 158 159 155 
iG rowth Time (Hr) 3 3 3
Tsb (°C) 270 270 270
Cracker Tse (°C) 800 700 600
Effusion Cell Tz, (°C) 309 307 309
Se flow rate (sccm) 1.7 1.7 1.7
Zn flux IA/sec) 0.98 1.01 1.03
I Unilluminated thickness ttm 1.30 0.72 0.18
Table 4.13: Growth conditions for the comparison of the PL
solid Zn and H2Se with different cracker cell temperatures.
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Figure 4-18: PL of ZnSe grown using solid Zn and and H2Se with different cracking
cell temperatures.(a) 6000C (b) 7000 C, (c) 8000C.
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ZnSe with different Zn fluxes
The growth parameters for three ZnSe samples which were grown by GSMBE with
variations in Zn flux are shown in Table 4.14. The corresponding PL (Figure 4-19)
shows three spectra which are similarly dominated by bandedge features. However, as
the Zn flux is increased, the different features at the bandedge become more resolved.
The primary feature is a donor-bound exciton feature at 2.798 eV. Another feature
which appears as a shoulder on the donor-bound exciton feature for the PL of growth
# 118 is speculated to be a shallow donor-bound exciton feature. To the far right,
a FE structure appears at 2.803 eV. In all three cases, the donor-bound exciton
structure is present, along with the FE structure. The appearance of the shallow
donor-bound exciton structure indicates a decrease in the impurity concentration.
Although the PL spectra are similar for variations in Zn flux, there is a slight
improvement in the crystalline quality for higher Zn fluxes. As the Zn flux is increased,
the growth rate also increases, indicating that the growth is Zn-limited.
Summary
The photoluminescence of ZnSe grown by GSMBE improves for more Zn-rich
growth conditions. For higher substrate temperatures or Zn oven temperatures, the
FE transition increases in intensity, which is an indication of good optical properties.
Lowering the H2Se cracker cell temperature has the same effect. Because of the pres-
ence of the FE structure, for the first time in the ZnSe PL, the donor-bound exciton
structure could be associated with MOMBE sources. As the number of GSMBE sam-
ples have been grown, the donor-bound exciton feature at 2.798 eV has decreased in
relative intensity.
4.4 Doping of ZnSe
ZnSe was doped both p-type and n-type using GSMBE. For p-type doping, the dopant
is nitrogen; for n-type doping, the dopant is chlorine. Photoluminescence is useful for
qualitative analysis of the relative doping concentrations for variations in the growth
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I| ZnSe Growth # | 117 120 ! 118 11
Growth Time (Hr) 4 1 ! 1
T,ub ( C ) 300 315 1 300
Cracker Ts, (°C) 1000 1000 1000L Effusion Cell Tz, (°C) 297 305 j 303
Zn flux A/sec 0.55 0.68 0.73
Unilluminated thickness Ilm 1.0 1.6 1.55
Table 4.14: Growth conditions for the comparison of the PL for the ZnSe grown using
solid Zn and H2Se with different Zn fluxes.
/-
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Cct
2.75 2.8
Energy (eV)
decrease
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flow
2.85
Figure 4-19: PL of ZnSe grown using solid Zn and and H2Se with different Zn fluxes.
(a) 0.73 A/sec (b) 0.68 A/sec (a) 0.55 A/sec.
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parameters. The p-type doping of ZnSe was achieved using a nitrogen plasma source,
while the n-type doping was achieved with a ZnCl2 solid source. The PL for both
cases of ZnSe doping is presented and discussed in the next two subsections. The
comparisons for both p-type and n-type doping are for variations in the respective
dopant's parameter space.
4.4.1 ZnSe:N
The combination of nitrogen doping and GSMBE is a new contribution to the study
of ZnSe growth [9]. With the experiments to date, two comparisons can be made
for variations in the plasma source's RF power and for variations in N2 background
pressure. When a nitrogen plasma source is used to generate the nitrogen for p-type
doping, an RF power supply creates atomic nitrogen species that incorporate into the
ZnSe lattice. Hence, variations in the RF power alter the amount of nitrogen available
for doping. At a substrate temperature of 250°C, three ZnSe films were grown with
different RF powers, Table 4.15. All of the films are much thicker than the critical
thickness. Figure 4-20 shows the PL for the three samples. The primary feature for
each case is near 2.7 eV, and corresponds to a donor-acceptor pair transition. As
the RF power increases, the feature broadens and merges with the LO phonon repli-
cas. The broadening of the DAP transition has been observed for increasing doping
concentrations [31, 32]. Hence, for increasing RF power, the doping concentration
of the ZnSe film increases. This is confirmed by secondary ion mass spectroscopy
measurements where the nitrogen concentration increases from 4.5 x 1017 to 2 x 1018,
and finally to 5 x 1018 as the RF power increases from 100 W to 200 W and finally
to 300 W, respectively.
For the p-type doping, there is a dependence on the primary PL feature energy,
corresponding to either a deep or shallow donor level, for different nitrogen concen-
trations (Figure 4-22 (a)). As the RF power increases, the primary PL feature shifts
to a lower energy, as the DAP is made of a deep donor level and the nitrogen acceptor
state (Figure 4-22 (b)) [31]. The shift to a deep donor level is also seen in the shape
of the DAP transition feature dn the PL. As the deep donor level becomes the
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ZnSe Growth # 142 145 146
Growth Time (Hr) 5 5 5
T.b (C) 250 250 250
Cracker Ts, (°C) 1000 1000 1000
Effusion Cell Tz, (°C) 312 311 311
Se flow rate (sccm) 1.2 1.2 1.2
Zn flux (A/sec) 0.96 0.97 0.97
N2 Background Pressure (10 - 5 Torr) 2.0 2.0 2.0
RF Power (W) 100 200 300
Unilluminated thickness /zm 1.85 1.95 2.05
Table 4.15: Growth conditions for the comparison
grown by GSMBE with different RF powers.
4-C
C',C
C-
2.2
of the PL for the p-type ZnSe
decrease
in
RF
power
Figure 4-20: PL of ZnSe:N grown
(b) 200 W, (c) 100 W.
by GSMBE with different RF powers. (a) 300 W,
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Energy (eV)
A
prominent donor state for the donor-acceptor pair, the LO phonon replicas corre-
sponding to the deep level DAP increase in intensity and effectively broaden the PL
feature.
ZnSe:N with different N2 background pressures
Another comparison can be made for variations in the background pressure of N2
during the growth of p-type ZnSe. Three films were grown under similar conditions
with different background pressures, Table 4.16. The films are thick, close to 2 m.
The resultant PL is shown in Figure 4-21. The primary feature at - 2.7 eV corre-
sponds to a deep DAP transition. For each of the films, though, a broadening in the
DAP at a slightly lower energy indicates the presence of a shallow level DAP feature
[31]. As the background pressure of N2 is increased, the PL feature broadens. The
broadening of the bandedge feature indicates an increase in nitrogen doping levels as
the shallow nitrogen level has a high enough concentration of electrons to participate
in a detectable level of radiative recombinations.
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ZnSe Growth # 131 129 127
Growth Time (Hr) 5 5 5
Tsub (C) 270 270 280
Cracker Tse (C) 100 1000 1000
Effusion Cell Tz, (°C) 304 304 304
Se flow rate (sccm) 1.5 1.5 1.5
Zn flux (A/sec) 0.72 0.7 0.71
N2 Background Pressure (10-s Torr) 2.1 0.97 0.45
RF Power (W) 100 100 100
Unilluminated thickness ttm 1.90 2.0 1.95
Table 4.16:
by GSMBE
Growth conditions for the comparison
with different N2 background pressures
of the PL for the ZnSe:N grown
increasing
background
pressure
of nitrogen
"I
2.2 2.3 2.4 2.5 2.6 2.7 2.8
Energy (eV)
Figure 4-21: PL of ZnSe:N grown by GSMBE with different N2 background pressures.
(a)2.1x10-5 Torr, (b) 9.7x10- 6 Torr (c)4.5x10 - 6 Torr.
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Figure 4-22: (a) Plot of the energy of the donor-acceptor-pair transition in the PL
of nitrogen doped ZnSe. (b) Flat band depiction of deep and shallow nitrogen donor
levels in ZnSe [30].
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4.4.2 ZnSe:Cl
Three n-type ZnSe samples were grown by GSMBE with variations in the ZnCl2
cell temperature. The growth conditions are shown in Table 4.17. All of the films
are above the critical thickness, 2 m. As a result, tensile strain due to the
different thermal expansion coefficients of ZnSe and GaAs result in a shift in the
feature energies by + 2 meV [15]. Furthermore, increasing the ZnCl2 cell temperature
increases the doping level. This can be seen in the corresponding PL in Figure 4-23
where the primary feature, the donor-bound exciton at 2.795 eV, corresponding to
a deep donor impurity, grows in intensity for increasing Tzcl 2 (Figure 4-24). At a
slightly higher energy, a shoulder corresponding to the shallow donor level is present
that is 50% as intense as the bound exciton feature corresponding to the deep
donor level.
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ZnSe Growth # 164 162 163 D
Growth Time (Hr) 3 3 3
Tub (C) 295 290 290
Cracker Tse (C) 1000 1000 1000
Effusion Cell Tz. (°C) 322 322 322
ZnCl Cell Tzcl (°C) 150 170 190
Unilluminated thickness ym 2.40 2.25 2.13
Table 4.17: Growth conditions for the comparison of the PL for the ZnSe:Cl grown
by GSMBE with different ZnCl2 cell temperatures.
D
-C,
')C
2.7 2.75 2.8 2.85
Energy (eV)
Figure 4-23: PL of ZnSe:C1 grown by GSMBE with different ZnC12 cell temperatures
(a) 150°C, (b) 170°C, (c) 190°C.
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Figure 4-24: Plot of the intensity of the donor-bound exciton feature in the PL of
chlorine-doped ZnSe.
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Chapter 5
Summary
In an attempt to optimize the ZnSe film quality and the growth rate, several growth
parameters have been varied. Also, different types of sources have been used for the
constituent species: metal-organic gases, solid elemental, and gaseous hydrides. The
introduction of either a p-type dopant, nitrogen, or a n-type dopant, chlorine, in the
ZnSe has also affected the optical properties. Along with these dopant studies the
effects due to the substrate temperature, the behaviour of the constituent species,
and laser-assisted growth on the optical properties of ZnSe have been examined.
As the sources used to epitaxially grow the ZnSe have been varied, the primary
effect on the optical characteristics, as seen in the PL, has been the presence of
impurities from the sources. For the ZnSe films grown by MOMBE, a carbon impurity
inherent to the ethyl- and methyl-based sources is speculated to be the impurity in the
PL in both the donor-bound exciton features and the donor-acceptor-pair features.
When DMZn is used in the growth, both shallow and deep donor levels from the
carbon are detected from the DAP features in the PL. For the MBE-grown ZnSe, a
carbon donor-bound exciton feature dominates the PL. However, since the MBE films
were grown in the same chamber as the MOMBE films, the presence of carbon in the
MBE-grown ZnSe films is speculated to be a residual "memory effect" from the metal-
organic sources. For the GSMBE-grown ZnSe, chlorine is the prominent impurity
(confirmed by secondary ion mass spectrosopy measurements). The identification of
the chlorine donor bound exciton transition in the PL is further supported by the
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energy of the primary feature in the ZnSe:Cl which corresponds to a donor-bound
exciton. Finally, the presence of nitrogen in ZnSe:N is exhibited by the presence of a
DAP feature accompanied by LO phonon replicas.
The PL of ZnSe yields information about the film's stoichiometry. The majority of
the MOMBE-grown ZnSe films are defect dominated, as determined by a large defect
band feature in the corresponding PL. Zn vacancies resulting from nonstoichiometric
growth conditions allow for an almost continuous band of states in the energy gap.
Hence, a wide ( 1 eV) range of luminescence is detected in the PL. For MBE-grown
ZnSe, the defect band is also present. However, in the GSMBE-grown ZnSe films,
the absence of a defect band feature in the PL indicates that stoichiometric growth
conditions have been achieved. For 77 K PL measurements of the GSMBE-grown
ZnSe films, the defect band remains more than an order of magnitude smaller than
the bandedge features.
The presence of the ZnSe PL features are dependent on the impurities present in
the sources employed in the growth. The energies of the PL features are temperature
dependent due both the lattice mismatch and the different thermal expansion coef-
ficients in the ZnSe/GaAs heterostructure. However, the growth temperature and
thickness of the ZnSe films often vary together since the films were grown for a uni-
form duration at a given growth temperature and the growth rate was temperature
dependent. A trend in the energy of the donor-bound exciton feature as a function of
ZnSe thickness cannot be determined because there is a great deal of scatter in the
data points due to variations in the growth temperature. The MOMBE-grown ZnSe
films have thicknesses which are below and close to the critical thickness of 1500 A.
As a result, the energy of the donor-bound exciton feature is strongly dependent on
the film thickness. Also, the substrate temperature changes the energies of the band-
edge features. For the GSMBE films, the thicknesses far exceed the critical thickness,
and only a small shift in the donor-bound exciton energy (< 1 meV) results with
respect to the film thickness.
The PL for the ZnSe films has also shown an improvement in the optical properties
for an increase in the Zn flux at the surface, independent of the sources used. As
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the Zn flux increases for the MOMBE-grown films, the ratio of the intensities of
the donor-bound exciton feature to the defect band increases. Furthermore, as the
growth temperature decreases for the MOMBE grown ZnSe films, where an elemental
Zn source was used, the same intensity ratio increases, indicating an improvement in
the ZnSe optical properties. For the GSMBE ZnSe films, the free exciton feature
in the PL increases in intensity relative to the intensity of the donor-bound exciton
feature as the Zn flux increases.
Within the subset of MOMBE-grown ZnSe, the laser-assisted regions have been
analyzed. There are three effects of the laser on the ZnSe PL. First, because the
presence of the laser liberates the ethyl radicals from the DEZn, the optical properties
of the ZnSe improve. The improvement is manifested by an increase in the ratio of
the intensities of the donor-bound exciton feature to the defect band feature. Second,
when solid elemental Zn is employed in the growth, the laser desorbs the Se from
the surface. The PL properties of the respective films reflect the increase in the
concentration of Zn vacancies at the surface by a decrease in the same intensity ratio.
Third, when DMZn is employed in the growth, the laser increases the either the
impurity concentration or the concentration of vacancies in the film. This reduction
is manifested by a delayed appearance of the shallow donor-acceptor pair feature
in the PL with respect to increasing growth temperatures. Thererefore, along with
affecting the growth rate for MOMBE-grown ZnSe, laser-assisted growth alters the
optical properties of the ZnSe.
The PL of doped ZnSe films is sensitive to the mechanism by which the respective
dopant is incorporated. For n-type ZnSe, the intensity of the donor-bound exciton in-
creases for increasing chlorine concentrations. However, for p-type ZnSe, the primary
PL feature is a DAP transition. The shape of the DAP feature changes for increasing
nitrogen concentrations because a deep DAP transition becomes as intense as the
shallow DAP transition. Both of the DAP features as well as the corresponding LO
phonon replicas for both levels form one unresolved feature for highly doped ZnSe:N.
As a result, the relative doping concentration can be estimated using PL.
The PL analysis in this thesis has been dependent upon the availability of enough
70
ZnSe films grown under fixed conditions to make relevant comparisons. However, in
order to separate the relationships between the thickness and the growth temperature
to the PL features, a more complete set of data is necessary. Also, the presence of a
second DAP level in the PL of MOMBE-grown ZnSe when a DMZn source is used,
needs to be investigated further. Finally, the effects of thermally cycling the ZnSe
films has not been considered, and there is cause for further investigation. All of the
undoped films have been cooled to 10 K for PL measurements several times, with
little effect on the PL. However, ZnSe:N has shown a decrease in the intensity of the
DAP feature when thermally cycled.
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Appendix A: Properties of ZnSe
ZnSe is a II-VI semiconductor, where the group II element is the Zn and the
group VI element is the Se. It forms a zinc-blende lattice structure, with a direct
energy bandgap. A list of the quantitative properties of ZnSe, and for comparison,
GaAs and Si is given in the table below. From the table of material properties, the
unique qualities of ZnSe become apparent. In comparison to ZnSe, Si is not a good
optical emitter, since it has an indirect energy gap. In addition, for the electron
effective mass, Si has both a transverse, (t), and a longitudinal, (1) effective masses.
The hole effective mass of Si is given for both the light hole, (lh), and heavy hole,
(hh), bands. GaAs and ZnSe are both optical materials (meaning, both have direct
energy gaps), with the emission of GaAs in the infrared region and of ZnSe in the
blue region of the spectrum. Of the three materials compared in the table, GaAs has
the highest mobility, and ZnSe has the lowest. A GaAs/ZnSe heterostructure is a
logical combination due to the similar lattice constants. The wide bandgap of ZnSe
as compared to GaAs is useful for carrier confinement in a GaAs/ZnSe quantum well
structure.
Property ZnSe GaAs Si Refs
Lattice constant A 5.6676 5.6533 5.4309 [23, 16]
Energy gap (eV) 2.67 1.43 1.11 [16, 23]
Type of direct direct indirect
transition
Electron mobility (m) 200 8500 1500 [23, 33]
Electron effective mass 0.17 0.067 0.19(t),0.98(1) [16, 35]
Hole effective mass 0.65 0.082 0.49(hh),0.16(lh) [34, 23]
Ionicity 0.63 0.31 0 [23]
Dielectric constant 8.1 13.1 11.9 [16, 36]
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Appendix B: Substrate Carrier and Wafer Preparation
Substrate Carrier Preparation
A two piece molybdenum block consisting of a rim and a 2 inch insert was used
for the II-VI growths. The insert could be removed and replaced with a 2 inch GaAs
wafer if desired, but in this investigation the GaAs samples were indium bonded to
the molybdenum insert. The pieces of the block are initially cleaned in the same
manner, using a standard degrease procedure outlined in the following Table.
After this procedure, the entire carrier is blown dry with nitrogen. The II-VI block
is etched in a bath of 10:1 deionized water and hydrochloric acid to remove any
prior mounting material (In or In-Ga) from the surface. Afterwards, the carrier is
etched in a 3:1 bath of deionized water and nitric acid for 15-20 seconds followed by
hydrochloric acid for 2 minutes. Finally, the block is rinsed thoroughly in deionized
water. The II-VI carrier is then baked at 700°C for one hour.
Wafer Preparation
The films are grown on two inch semi-insulating GaAs (001) wafers from Sum-
itomo. For continuity, the wafer is cleaved into four parts for four separate film
growths. There are two stages to the wafer preparation: degrease and etch. The
wafer, mounting tools, and eutectics first undergo the same degrease procedure as
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Step Solvent Process Time (min)
1 TCA heat to a boil 10
2 TCA heat to a boil 10
3 acetone ultrasonic clean 5
4 acetone ultrasonic clean 5
5 methanol ultrasonic clean 5
6 methanol ultrasonic clean 5
the substrate carrier. Afterwards, the wafer is rinsed in deionized water and blown
dry with nitrogen. Next, the wafer is etched. The etch process is as follows:
The etch process removes the top layers (10-15 microns) of the wafer, exposing a clean
surface for growth. The rinse step coats the wafer with a new oxide to protect the
surface until the sample is in the reactor.
The clean wafer is then mounted onto the substrate carrier using either indium or
a gallium/indium alloy. The gallium/indium alloy has the advantage that it is liquid
at room temperature and can hence be used for ez situ transfers from a III-V sample
block to a II-VI sample block.
74
Step Chemicals Process Time (sec)
1 5:1:1 H2SO 4:H2 02 :H2 0 mix and rotate 60
2 acid bath add wafer, rotate 90
3 DI H20 rinse wafer 5 min.
4 - blow dry with nitrogen -
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